This proves the potential of these new devices as tools for the controlled cell growth in an interconnected container system with well-defined three-dimensional geometry.
Introduction
The analysis of neuronal cells arranged in networks of controlled geometry has grown rapidly over the past decade and stays important for biological studies and medical research. The positioning of individual cells has become a key technique for cell engineering applications such as cell therapy [1] and brain regeneration [2] . A further field of interest in this context is experimental neuroscience [3] where activity in neuronal networks is monitored by sensors responding to electrochemical potential changes near individual neurons. Extracellular recordings are often performed using single electrodes or multi-electrode arrays (MEA) [4] , or using semiconductor devices such as transistors and capacitors on silicon chips [5, 6] . However, extracellular recordings reflect the size of the cleft [7] between the cells and electrodes, and thus suffer from reduced signal strength and quality. To circumvent this drawback, techniques for intracellular recording such as patch clamp recording have been developed [8] . This technique requires considerable expertise and has been applied dominantly to cells in suspension rather than to adherent cells or cellular networks.
Inspired by previous work at Stanford University [9] , we focus in this paper on nanopillars to promote the interaction with neuronal cells. The authors of Ref. 9 have indeed shown that nanopillars improve the neuron-to-electrode contact and offer the advantages of long-term measurements, high sensitivity, and minimal invasiveness [10] .
In addition to implementing appropriate sensor, it is beneficial to incite cells to adhere and develop at intended locations. Several categories of methods have been explored with this purpose in mind. They include structured surface functionalization [11, 12, 13] , microfluidic guiding and trapping [14, 15, 16] , negative dielectrophoresis (nDEP) [17, 18] , and micropatterned topographic constraints for cell growth [19, 20, 21] .
Surface functionalization has been achieved for example by microcontact printing using polydimethylsiloxane (PDMS) stamps [13] . However in this well-established technique aligning the PDMS stamp precisely with subjacent structures is challenging. Furthermore the technique cannot be applied to high-topography surfaces.
Microfluidic structures [16] also make it possible to guide cells to intended locations. The photolithography-based fabrication of microfluidic components avoids the disadvantages of microcontact printing. Overall, nevertheless, the approach is more demanding since it requires potentially complex microfluidic system control. Similarly, nDEP requires an electrical system control. Furthermore electrical field gradients have be applied continuously or repeatedly to the cells to prevent them from migrating away from their locations.
Finally the topography of microstructure has been taken advantage of to influence [22] or guide cell growth [23] . In this work, in order to position cells on nanopillars we choose to rely on such microstructures made of thick photoresist. Several techniques have in the past allowed to successfully fabricate three-dimensional (3D) photoresist structures. These include interference lithography [24] and dosage-controlled optical exposure [25] which both involve dedicated exposure equipment. An alternative is lamination [26] which necessitates multiple iterations of the same process sequence. Finally two-photon polymerization [27] has proven useful as well. This serial exposure technique is well-suited for small structures, but it is time-consuming for the preparation of large numbers of samples or large-area substrates.
In this work we therefore set out to develop a technique that enables polymer microstructures to be fabricated on large substrates with delicate high-topography surfaces, using simple equipment and in a single exposure step. The technique has been developed with a particular configuration in mind where honeycomb arrangements of polymer microcontainers for cells are centered on nanopillar arrays and interconnected by microchannels. These structures are produced using a single photolithography mask, a single photoresist layer and standard commercial equipment for optical projection lithography [28] , as explained in detail in Section 2. As the photoresist, we use SU-8, a common epoxy-based negative photoresist [29] . The realization of nanopillars to simulate sensors is presented in Section 2 as well. In Section 3 experiments with PC12 cells [30] , a cell line derived from a pheochromocytoma of the rat adrenal medulla, demonstrate the effectiveness of the honeycomb structures in position cells on nanopillars. The viability of cells is tested by a fluorescence "live-dead" test, and PC12 cell growth within the honeycomb structures and on nanopillars is observed by scanning electron microscopy (SEM).
Materials and Methods

Stepper technology
Optical lithography by projection, also called stepper lithography, consists of exposing a photosensitive resist with a thickness t PR through a complex optical system acting as a reduction lens. The principle is illustrated in figure 1(a) . The photolithographic reticle (the mask) is usually placed far from the substrate (0.2 to 1 meter) compared to conventional mask aligners where the mask-substrate distance is typically less than 200 µm. The mask pattern is illuminated by an appropriate light source and optically projected onto the photosensitive layer with a down-scaling factor up to 50:1. The projection optics transfers the plane of the mask with its light and dark patterns into the so-called focal plane, lying usually within the photoresists, where an image of the original pattern is obtained. In the language of geometrical optics, each point of the image is formed by the convergence of a projection cone with an opening angle θ 0 in the space between the projection lens and the photoresist. The projection system used in this study is a Canon FPA 3000 i4 stepper from ASML company (Veldhoven, Netherlands). The selected down-scaling factor was 5:1, while in Fig. 1(a) , for better clarity it was chosen to be only 2:1. The UV wavelength is 365 nm. The value of θ 0 is 39.05°. Based on the available information, it was unfortunately not possible to unambiguously identify the focus location d f = 0 corresponding to some reference lens-wafer distance with ∆z = 0, which in addition may depend on the used photoresist. The inspection of a larger number of structures observed as a function of d f in the case of 50-µm-thick SU-8 leads us to the conclusion that for this resist, ∆z = d f = 0 corresponds to a focal plane near the upper resist surface. As a consequence, in the following all focus depth values for focal planes within the photoresist are negative numbers; the more negative they are, the deeper the focal plane lies below the photoresist surface. The corresponding ∆z values are also negative which tells that the wafer was shifted towards the projection lens. The post exposure bake (PEB) is performed on a hot plate with a controlled temperature history.
Focus depth variation
The PEB starts with a rising ramp of 10°C/min up to 95°C, proceeds with a hold period of 3 min. at this temperatures, and is finished with descending ramp of -5°C /min down to room temperature.
This process has been previously investigated at the authors' lab for 50-µm-thick SU-8. Since these previous studies indicated that the PEB parameters have little effect on the final SU-8 structures, we decided to leave the PEB parameters unchanged at the above values throughout the present study.
The focus here is therefore only on the effect of d f and D exp . Finally, the exposed and post-baked SU-8 layer is developed in standard SU-8 Developer for 20 min.
Nanopillar realization
Prior to SU-8 processing, nanopillar arrays were fabrication using the 2.2-µm-thick thermal SiO 2 on the wafers. A primer and positive photoresist ECI from Microchem, Newton, USA of 2.6 µm thickness were successively spun onto the wafer. Next, the photoresist was pre-annealed, exposed, post-annealed and developed as a protection against the subsequent etching. It was performed by reactive ion etching (RIE) using the Electrotech Omega201 etcher from Trikkon, Canada. RIE has been found to be non-toxic to rat brain slices [32] and to allow the inflammation-free proliferation of a human osteoblast cell line [33] .
PC12 cell cultures
The experiments were performed using cells that had undergone fewer than five passages. As described previously [34, 35] with 10% horse serum (HyClone), 5% fetal bovine serum (HyClone), and 50 µg/mL penicillin streptomycin (Invitrogen, Carlsbad, CA). 20,000 cells/cm 2 were deposited onto the chips.
Incubation was carried out under standard conditions for PC12 cells, i.e., 5% CO 2 at 37°C. For five consecutive days, the medium was replaced daily by fresh medium of the same composition except for the substitution of the horse serum by 150 ng/mL of nerve growth factor (NGF) (HyClone). This duration is required for the development of cell extensions. In this study, we did not distinguish between axons and dendrites and subsequently term all extensions neurites.
Cell viability assessment
Neuronal 
Neuronal cell fixation for electron microscopy observation
After checking the viability of cells on each chip using epifluorescence microscopy, the culture medium was removed. For fixation, the chips were rinsed with PBS solution and then incubated in 4% glutaraldehyde solution (Sigma-Aldrich) for 12 hours at 4°C. Then, the glutaraldehyde solution was removed and the chips were rinsed with PBS solution. For cell dehydration, we used a cascade of aqueous ethanol solutions with increasing ethanol concentrations. The cells were therefore incubated in 50%, 70%, 90% and 100% ethanol for 10 minutes each. After the last dehydration step, the fixed samples were air-dried at room temperature for a day to remove alcohol residues before inspection using a scanning electron microscope (SEM). Amazingly good-looking cells are the result, without apparent degradation or collapse of their delicate structure as might be expected from a drying procedure without critical-point drying. This preparation method for SEM observation has already been successful applied in studies of nanoscale topography on neurite development in PC12 cells [36] and of silicon nitride windows for electron microscopy of whole cells [37] . Further technical details have been reported in Ref. 38 .
Results and discussion
Honeycomb cell container characterization
First, the variation of d f allowed us to define microchannels of various geometries. Roughly speaking, for a fixed exposure dose, when the focus depth is too negative (d f < −80 µm), it was found that the microchannel is blocked, as shown in figure 4 In addition, the realization of honeycomb cell container structures was tested on three different substrates, namely monocrystalline silicon as well as SiO 2 and Si 3 N 4 covered wafers in order to assess the influence of the substrate reflection. This study showed that the substrate reflection has a minor impact on the shape of the microchannel. However in the case of silicon substrate, the stronger reflection caused a dark halo to locally appear at the base of the SU-8 layer, as evidenced by figure 4. This halo was successfully removed by increasing the SU-8 development time from 10 to 30 minutes.
Cells on nanopillars without SU-8 cell containers
As described in Section 2.4, PC12 cell were cultured on chips with nanopillars without SU-8 cell containers for 5 days. The live-dead test revealed that over 90% of the cells were alive. It was not possible to clearly observe cells on nanopillars using fluorescence and optical microscopies; for this reason we used the SEM instead. To this end, cells were fixed using the technique introduced in Section 2.5. In the SEM the chips were tilted at 30° in order to allow the shapes of the nanopillars and cells to be observed simultaneously. Different chips with the three types of nanopillar arrangements A to C gave rise to the following conclusions.
First, it was determined that nanopillars do not fundamentally affect the cell culture growth. This conclusion was drawn on the basis of the fact that similar cell densities were observed on areas without nanopillars and with the different types of nanopillar arrays.
Second, the size of the nanopillar arrays was found to have an impact on the number of cell-tonanopillar connections. By cell-to-nanopillar connections we mean that a neurite of a cell passes over a nanopillar array and is visibly attached to at least one nanopillar or that a cell is in direct contact with a nanopillar array or resides even on top of it. The smallest array, A, promotes the lowest number of such connection. Nevertheless neurites exhibit a tendency to attach to nanopillars when they are close to a nanopillar array. Neurites connected to nanopillars in arrays A, B, and C represent 16±2%, 38±3%, and 42±3%, respectively, of all neurites. Understandably, larger arrays offer a higher probability of intercepting neurites. Conversely neurites do not seem to be particularly repelled by their interaction with the arrays.
Some cells grew with their cell body in direct contact with nanopillar arrays and some are even placed on top of nanopillar arrays ( figure 6(a) ). Nevertheless these cases represent less than 10% of the cells connected to nanopillars. The remaining fraction of cells preferred to grow on the planar substrate beside the nanopillar arrays and to limit their interaction with the arrays to their neurites.
Cell prepositioning on nanopillars by interconnected cell containers
To promote the cell growth on top of the nanopillar arrays, honeycomb cell container structures were thus realized around nanopillar arrays, as shown in figure 6 . Design 1 and 2 cell container structures were realized around all three sizes of nanopillar arrays. To overcome the potential cytotoxicity of SU-8 [39] , we followed a four-step protocol to turn the SU-8 into a biocompatible material. The first step is the chemical treatment with SU-8 developer in order to remove all resist residues across microchannels by SU-8 over-development. The second step consisting of a 1-min UV exposure at 365 nm wavelength has the purpose of reinforcing the polymer chain links within the SU-8 photoresist across its entire thickness. The third step is a thermal anneal at 150°C for three days to eliminate all solvents trapped within the SU-8. The final step is an O 2 plasma treatment to render the SU-8 surface hydrophilic [40] . Quantitative SEM observations before and after the specific treatment showed that this protocol does not significantly affect the final dimensions of SU-8 microstructures nor the adhesion between the SU-8 layer and the substrate, nor does it introduce any cracks in the SU-8 layer.
After performing the protocol, we deposited poly-D-lysine and coated laminin in order to create a substrate favorable to cell expansion and neuronal differentiation [41] . After cell culture, chips were first observed by optical microscopy to map the location of cells in containers. This allowed to assess possible cell losses during the subsequent steps. Second, the live-dead test was realized on cells in the SU-8 microstructures to observe whether cells had survived in the containers. However this technique proved to offer limited value due to the concurrent fluorescence of SU-8. Thirdly therefore, to validate the viability of cells in this case, we defined two parameters observable both in the SEM: cells needed to be attached on the substrate and to show no obvious sign of degradation.
A flattened cell shape as well as cracks and other obvious damage were taken as such signs.
From the observations we conclude that PC12 cells are successfully prepositioned by the cell container honeycomb and develop neurites across the microchannels. Neurites pass over nanopillars or finish their trajectory on nanopillars if they do not find another neurite or cell to connect to. it is about 33% for Design 2. Despite this absolute overall decrease in cell population, the fraction of cells connected to nanopillars directly or through neurites is significantly increased. These results are quantitatively summarized in figure 7 showing the percentages of cells connected to nanopillars of each type, surrounded or not by SU-8 cell containers of both Designs 1 and 2. As a conclusion, in every case the SU-8 cell containers significantly increase the fraction of cells connected to nanopillars.
Conclusion
In this paper, UV stepper projection lithography was used in a non-standard way to fabricate SU-8 based cell containers arranged in a honeycomb structure and connected by microchannels 
